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Different compositions of Pt, PtNi, PtSn, and PtSnNi electrocatalysts supported on carbon
Vulcan XC-72 were prepared through thermal decomposition of polymeric precursors. The
nanoparticles were characterized by morphological and structural analyses (XRD, TEM, and
EDX). XRD results revealed a face-centered cubic structure for platinum, and there was
evidence that Ni and Sn atoms are incorporated into the Pt structure. The electrochemical
investigation was carried out in slightly acidic medium (H2SO4 0.05 mol L
1), in the absence
and in the presence of ethanol. Addition of Ni to Pt/C and PtSn/C catalysts significantly
shifted the onset of ethanol and CO oxidations toward lower potentials, thus enhancing
the catalytic activity, especially in the case of the ternary PtSnNi/C composition. Electrol-
ysis of ethanol solutions at 0.4 V vs. RHE allowed for determination of acetaldehyde and
acetic acid as the reaction products, as detected by HPLC analysis. Due to the high
concentration of ethanol employed in the electrolysis experiments (1.0 mol L1), no
formation of CO2 was observed.
Copyright ª 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd.
Open access under the Elsevier OA license.1. Introduction of electrocatalysis is the development of effective electro-Nowadays in Brazil there is great interest in the practical
application of Direct Ethanol Fuel Cell (DEFC) compared with
other types of fuel cells [1]. Ethanol is an attractive alternative
fuel with global production approaching 40 billion gallons, 25
billion of which are used for energy purposes. Compared with
other fuels, ethanol is an environmentally friendly compound
with high energy density, namely 8.6 kg kWh1, while that of
methanol is 6.1 kWh kg1 [2]. Until now, PEM fuel cells, oper-
ating at lower temperature have been based on platinum
catalysts dispersed on carbon; however, it is known that pure
Pt does not display good catalytic activity due to poisoning of
its active sites by intermediates generated from reactions
occurring in parallel with the oxidation of ethanol, which ends
up requiring higher overpotential for oxidation of the target
fuel [3]. Thus, one of the main goals of researchers in the area5; fax: þ55 16 36013848.
.R. De Andrade).
gy Publications, LLC. Publcatalysts that could perform the oxidation ethanol at lower
potentials [1,4,5]. Currently, it is observed that the develop-
ment of efficient catalysts involves incorporation of metals
into platinum, so as to increase the performance of the elec-
trocatalyst with respect to the alcohol. For instance, metals
such as Ru, Rh, W, Ni, and Sn are frequently employed as co-
catalysts, in order to minimize the effect of Pt poisoning with
CO and other by-products, thereby improving the catalytic
activity [6e11].
Many investigations have reported that the PteSn compo-
sition displays excellent activity for the oxidation of ethanol.
Purgato et al. [12] have investigated the introduction of
different ratios of Sn into Pt catalysts prepared by the Pechini
method, and they concluded that Sn enhances the catalytic
activity of Pt. Neto et al. [3] have shown that the addition of
Sn contributes to the formation of a more selective catalystished by Elsevier Ltd. Open access under the Elsevier OA license.
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ysis, Song et al. [13] have also verified that the PtSn catalyst
presents greater selectivity for the oxidation of this alcohol
compared with Pt alone. Nevertheless, most of the products
formed in the presence of PtSn contain CeC bonds. Therefore,
it is mandatory that the activity of the PtSn/C catalyst is
enhanced by addition of a third element, so that the dehydro-
genation reaction can be improved and the CeC bond can be
cleaved during the oxidation of ethanol.
The addition of Ni as the second or third element is claimed
to increase the activity of Pt electrocatalysts. The main
advantage of the introduction of this metal is the reduction of
the oxidation potential of small organic molecules, coupled
with the rise in current density. The electrooxidation of
ethylene glycol has been investigated by Spinace´ et al. [14,15],
who used PtSn/C and PtSnNi/C electrodes prepared by an
alcohol reduction process. Chronoamperometric studies
conducted at 0.5 V vs. RHE gave rise to high current densities
and stability of the ternary catalyst PtSnNi/C composition
compared with PtSn/C. Ribadeneira and Hoyos [16] have
prepared binary PtSn/C and PtRu/C electrodes and have
reported that introduction of Ni into them augmented the
catalytic activity toward the oxidation of ethanol. In the work
reported by Bonesi et al. [9], PtSnNi/C and PtRuNi/C catalysts
were prepared by the PVPePolyolmethod and a higher current
density was obtained for the PtSnNi/C composition. Again, the
beneficial effect of Ni addition was claimed.
In this context, the aim of this work is to investigate the
catalytic activity of PtSnNi/C using the oxidation of ethanol as
a probe reaction. Considering the different methods proposed
in the literature, we advocated the use of the Pechini method,
previously employed, by our research group since it leads to
the formation of catalysts with good performance, besides
providing an easy way to produce catalysts in large amounts
with a large roughness factor [12].2. Experimental
2.1. Preparation of the catalysts
The PtSn/C, PtNi/C, and PtSnNi/C nanocatalysts were
synthesized by thermal decomposition of polymeric precur-
sors (DPP). Before the synthesis, Carbon Vulcan XC-72 was
heated at 400 C under N2 atmosphere for 4 h, in order to
eliminate the adsorbed carbon species. The Pt, Sn, and Ni
polymeric precursors (metallic resins) were prepared sepa-
rately by mixing citric acid (CA) (Merck) and ethylene glycol
(EG) (Merck) at 60e65 C. After complete dissolution of CA, the
temperature was raised to 90 C, and the metal precursor
(H2PtCl6 and NiCl2.6H2O, both purchased from Aldrich, and
C6H5O7Sn2, synthesized using SnCl2 (Aldrich), as described
previously [17]) was added. The solution was kept under
magnetic stirring for 2e3 h. The CA/EG/metal molar ratio was
4:16:1 for all the polymeric precursors. The nanocatalysts
were obtained by mixing the appropriate amount of metallic
resins with 5.0 mL ethanol, to obtain the following desired
nominal composition: PtSn (80:20), PtNi (80:20), PtSnNi
(70:15:15, 80:10:10 and 90:5:5). Enough carbon Vulcan XC-72
powder was added to the mixture, in order to achievea catalyst mixture with 40 wt. % metal loading. Finally, the
mixture was homogenized in ultrasonic bath and calcined
using temperature program similar to the one described
previously [12]. Briefly, the samples were heated under
N2eflux (0.05 L min
1) to 250 C at a rate of 1 C min1, and
were then kept at this temperature for 60 min. After that, the
temperature was raised to 350 C at a rate of 10 C min1 and
maintained there for 120 min.
2.2. Physical and chemical characterization
The diffraction patterns of the catalysts were obtained on an
X-ray diffractometer (D5005 Siemens) operating with Cu Ka
radiation (l ¼ 1.5406 A˚) generated at 40 kV and 40 mA. The
following parameters were kept constant during the analysis:
2q range ¼ 20e90, step ¼ 0.03, and total analysis
time ¼ 1.97 h. Catalyst phase composition and analysis of the
position relative to the Ka1 monochromatic radiation were
obtained by fitting the experimental angular range of interest
to the pseudo-Voigt function per crystalline peak with the aid
of the Profile Plus Executable refinement program (Siemens
AG). The crystallite size values were obtained using the
DebyeeScherrer equation [18]:
D ¼ K

l 180
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2  S2cosqb
q ;
where D is the apparent crystallite size, K is the geometric
factor (0.9 for spherical crystallite), l is the wavelength of the
radiation (1.5406 A˚), S is the instrument line broadening
(0.001), b is the reflection width at half-maximum intensity
(FWHM), and qb is the angle corresponding to the maximum
intensity of the peak. The unit cell parameters were deter-
mined by a computer program (U-Fit.exe v1.3-1992) using the
least-squares method. The 2q experimental values and the
reflection planes (hkl) were employed to obtain the unit cell.
Energy dispersive X-ray (EDX) analysis using a Leica
microscope Zeiss LEO 440 model TEM coupled to an Oxford
7060 model analyzer was used to determine the composition
of the nanocatalyst particles.
Themorphology of the nanocatalysts was also investigated
by Transmission ElectronMicroscopy (TEM) using a Philips CM
120 microscope equipped with LaF6 filament.
2.3. Electrochemical experiments
To perform the electrochemical measurements, 2.0 mg of the
electrocatalyst powder were dispersed into a solution (100 mL)
consisting of ethanol (95 mL) and Nafion (5 mL) (5 wt. % in
aliphatic alcohols, Aldrich). The mixture was homogenized in
ultrasonic bath for 10 min. After homogenization, 20 mL of the
suspension were deposited onto a gold electrode (0.2 cm2)
previously polishedwith alumina (0.3mm), followed by drying
in an oven at 80 C for 5 min. The electrochemical measure-
ments were carried out in a conventional three-electrode
electrochemical cell (50 mL) using a potentiostat Autolab
(PGSTAT-30). A Reversible Hydrogen Electrode (RHE) and
a platinized platinumwirewere used as reference and counter
electrode, respectively. The activity of the electrocatalystswas
determined by cyclic voltammetry (potential range of
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30 min). The concentrations of the supporting electrolyte
(H2SO4, Merck) and ethanol (Merck) were kept constant at
0.05 mol L1 and 1.0 mol L1, respectively. The electrochemi-
cally active area of the electrocatalysts was calculated by the
CO-stripping technique, which involved oxidation of a mono-
layer of CO to CO2, as described elsewhere [19].
Electrolysis experiments (0.4 V vs. RHE for 12 h) were
accomplished in an electrochemical cell with separate
compartments for the cathode and the anode. To increase
the anode area for electrolysis, the catalytic ink was depos-
ited on a 2 cm2 carbon-cloth (HT1400W, ELAT GDLeBASF).
The reaction products were analyzed using a High Perfor-
mance Liquid Chromatograph (HPLC) from Shimadzu con-
taining both a UVevis (210 nm) and a refractive index (RID)
detector placed in series. The products were separated by an
Aminex HPX-87H column (Bio-Rad) under isocratic condi-
tions using 3.33 mmol L1 H2SO4 and a flow rate of 0.6 mL
min1. After electrolysis, N2 was bubbled (30 min) through
the solution, to quantify the volatile compounds produced
during the process in separate trap compartments. Acetal-
dehyde was trapped in a 0.2 wt. % of 2,4-dinitrophenyl-
hydrazine (200 mL) solution in 2.0 mol L1 HCl. Subsequently,
the concentration of the solid hydrazone formed therein was
quantified after dissolution in ethyl acetate, by means of an
NH2P-50 (Asanhipak NH2P series) column, under the
following conditions: isocratic elution using a mobile phase
consisting of acetonitrile/H2O (40:60 v/v), at a 0.6 mL min
1
flow rate. The released CO2 was trapped in 0.1 mol L
1 NaOH
(2.0 mL). The possibly formed carbonate was quantitatively
analyzed by comparison with a Na2CO3 reference prepared
under the same conditions. All solutionswere prepared using
Milli-Q water (18.2 MU cm at 20 C). The electrolytic solution
was thoroughly purged with nitrogen before the electro-
chemical measurements.3. Results and discussion
3.1. Physicochemical characterization of the
nanocatalysts
EDX results obtained for thenanocatalysts are listed in Table 1,
which shows that the experimental values are close to the
nominal ones. The exception is the Pt80Sn20/C electrocatalyst,
with a lower Pt content 10% and Pt70Sn15Ni15/C, for which theTable 1 e Characterization parameters for the PteM/C
catalyst.
Electrocatalyst D/nm
Nominal Experimental Phase a/A˚ V/A˚3 XRD TEM
Pt80Ni20 Pt86Ni14 Pt 3.915 60.03 6.3 7.3
Pt80Sn20 Pt72Sn28 Pt 3.928 60.62 6.5 8.2
Pt3Sn 4.014 64.71 6.8 e
Pt70Sn15Ni15 Pt70Sn25Ni5 Pt 3.925 60.50 4.1 4.8
Pt80Sn10Ni10 Pt83Sn9Ni8 Pt 3.921 60.35 4.3 3.3
Pt90Sn5Ni5 Pt91Sn6Ni3 Pt 3.910 59.79 5.9 eSn/Ni experimental ratio does not match the nominal one.
Therefore, from now on the experimental values will be
employed.
A more detailed analysis reveals that the Pt72Sn28/C and
Pt70Sn25Ni5/C compositions are heterogeneous in nature, with
regions rich in platinum and other regions rich in other metal
(s). So the activities of these electrocatalysts are compromised
since it is expected that the action of a good catalyst compo-
sition is closely related to the formation of alloys and/or to the
homogeneous distribution of composites.
Fig. 1 depicts the X-ray diffractograms of the nanocatalysts
prepared herein. The peaks observed for all the compositions
are characteristic of the crystalline structure of face-centered
cubic (fcc) platinum (space group Fm-3m) and refer to the
reflection planes (111), (200), (220), (311), and (222). The addi-
tion of Ni to Pt promotes shifts in the Pt-peaks to slightly
higher 2q values, indicating formation of an alloy upon
incorporation of Ni into the platinum structure [20]. No peaks
related tometallic Ni or its oxides are observed. Addition of Sn
shifts the Pt-peaks to lower 2q values. For the Pt80Sn20/C
composition, the formation of a segregated Pt3Sn phase with
cubic structure corresponding to planes (200), (220), (311), and
(222) (a ¼ 4.014 A˚) and 2q values corresponding to 36.6, 66.5,
79.9, and 83.9 is observed (JCPDS # 01-035-1360) [21]. Ternary
PtSnNi/C nanocatalysts have lower 2q values compared with
pure platinum (dashed line), indicating the possible formation
of a solid solution between these elements.
Table 1 also summarizes the results obtained by X-ray
diffraction (lattice parameters, volume, and crystallite size, D).
The lattice parameter values achieved for the binary and
ternary nanocatalysts are very close to those of pure plat-
inum. This shows that, despite the evidence for the formation
of a solid solution between these metals, Sn and Ni are not
strongly incorporated into the structure of the catalyst. The
addition of Ni to Pt promotes a small decrease in the lattice
parameter of the Pt structure (3.915 A˚), whereas the addition
of Sn increases this value (3.928 A˚).
The average crystallite size, D, was calculated using the
plane (311) of Pt as reference. The D-values are around 6.4 nm
and 4.8 nm for the bimetallic and trimetallic nanocatalysts,
respectively.Fig. 1 e XRD patterns of Pt-based catalysts prepared by the
Pechini method.
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heterogeneous distribution of the metals on the carbon
Vulcan XC-72 support. As illustrated in Fig. 2 for the Pt84Ni16/C
nanocatalyst, small islands are formed in Pt and Ni. The same
profile is observed for the other compositions. The only
exception is the Pt83Sn9Ni8/C nanocatalyst, which exhibits
a homogeneous pattern, thereby justifying its outstanding
catalytic activity, as will be described further in this work.
TEM results also reveal heterogeneous particle sizes, which
range from 2.0 to 14.0 nm (Fig. 3). The average particle size
values obtained for the binary nanocatalysts are larger than
those achieved for the ternary ones. These data are consistent
with X-ray diffraction results. The small difference detected
between the XRD and TEM data can be attributed to the
difficulties inherent to TEM analysis, such as the presence of
not very well defined microstructures or cluster particles.3.2. Electrochemical characterization
Fig. 4A shows representative cyclic voltammograms obtained
for the PtSnNi/C electrocatalysts. The hydrogen adsorption/
desorption region (0.0e0.4 V vs. RHE) is poorly defined, and the
current in the double layer region (0.4e0.8 V vs. RHE) is higher
compared with pure Pt-catalyst. This behavior is character-
istic of supported carbon electrocatalysts containing transi-
tion metals [1,5]. Taking the Pt100/C composition as reference,
the binary Pt-catalyst incorporated with Sn or Ni has a vol-
tammetric charge similar to that of the pure Pt catalyst.
However, when bothmetals are simultaneously added to Pt to
form ternary catalysts (PtSnNi/C), a considerable increase in
the voltammetric charge is observed.
The electrocatalytic properties of the nanocatalysts for the
oxidation of ethanol were investigated using cyclic voltam-
metry and chronamperometry. Fig. 4B corresponds to repre-
sentative cyclic voltammograms registered in the presence of
ethanol. The different peaks observed in Fig. 4B must be
interpreted in terms of the existence of different energeticallyFig. 2 e TEM micrograph of the Pt86Ni14/C nanocatalyst.adsorbed organic species on the PteM (M ¼ Ni, Sn) nano-
particles which leads to formation of different intermediates
as discussed in the literature [2,22]. The electrooxidation of
ethanol starts at ca. 0.3 V on the PtSn/C electrode, while the
onset potential on PtNi/C is at 0.45 V vs. RHE. This could be
explained by the more pronounced oxophilic character of tin
at low potentials compared with nickel [9,15,23]. Furthermore,
the presence of both co-catalysts, Ni and Sn, significantly
reduces the onset potential to ca. 0.2 V vs. RHE and raises the
current densities at the PtSnNi/C electrocatalyst. This prom-
ising activity of the latter material could be attributed to the
modification to the electronic properties of platinum and
to the presence of Ni oxides species, thereby resulting in a
combination of electronic effect and bifunctional mechanism,
as previously suggested [24]. Again, the ternary compositions
(Pt70Sn25Ni5/C, Pt83Sn9Ni8/C, and Pt91Sn6Ni3/C) furnished
much higher current densities compared with the binary
electrodes, indicating that the activity of these electro-
catalysts toward the oxidation of ethanol is much better than
that of the binary compositions.
The potential for the onset of ethanol oxidation (Ei) is
a helpful parameter to identify which is the best composition
for oxidation of this fuel. Indeed, the best composition is the
one with lower oxidation potential. Table 2 summarizes the Ei
values. The ternary compositions Pt83Sn9Ni8/C and Pt91Sn6Ni3/
C stand out among the others, since they furnish Ei values in
the order of 0.25 V vs. RHE. The considerable decrease in the
potential for the oxidation of ethanol compared with Pt100/C
(at 0.45 vs. RHE) is remarkable. The other compositions give
negligible variations, with the sole exception of the Pt72Sn28/C
composition, which gives a variation of 0.15 V vs. RHE
compared with Pt100/C. These results confirm literature data,
since it is frequently reported that Ptmodificationwith Sn and
Ni shifts the onset potential of ethanol oxidation toward lower
values. This can be attributed to an elevation in the poisoning
tolerance of the surface [13,15].
The electrocatalysts were submitted to chronoampero-
metric studiesbysetting thepotential to0.4Vvs. RHEfor30min
Fig. 5 depicts the obtained results. During the first minutes,
there is a sharp reduction in current followed by a slowdecline
for a long period of time. This occurs because the active sites
are initially free from adsorbed/oxidized ethanol molecules.
However, as the reactionproceeds, theadsorption rateof anew
ethanolmoleculewill depend on the availability of the catalyst
active site. This reaction is metal-dependent and will proceed
faster (high current density) in the case of metals with good
ability to oxidize the intermediate species responsible for
poisoning of the catalytic sites (CO, CHx, CH3CHO, and
CH3COOH) [2]. Thus, the surface becomes unstable, and
phenomena such as crystallization, segregation of the metal
surface, and agglomeration of particlesmay take place in order
to make new catalytic sites available. The latter are quickly
poisoned, thereby contributing to the continuous decrease in
current [21]. The compositions Pt100/C, Pt72Sn28/C, Pt86Ni14/C,
and Pt70Sn25Ni5/C give rise very rapid rates of poisoning of the
catalytic sites, which results in very low activity, i.e., the
current reaches mass activity values close to zero. However,
ternary materials (Pt83Sn09Ni08/C and Pt91Sn06Ni03/C) have
good ability to overcome catalyst poisoning, thus furnishing
high Faradaic current density.
Fig. 3 e (A), (B), and (C) TEM images and histograms of particle size distributions of Pt-based/C nanocatalysts prepared by the
Pechini method. (A) Pt86Ni14/C, (B) Pt72Sn28/C, and (C) Pt83Sn9Ni8/C.
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Fig. 4 e A: Representative cyclic voltammograms of the
PtSnNi/C electrocatalysts in 0.05 mol LL1 H2SO4 supporting
electrolyte at 10 mV sL1 vs. RHE. B: Representative cyclic
voltammograms of the PtSnNi/C electrocatalysts in
1.0 mol LL1 ethanol D0.05 mol LL1 H2SO4 supporting
electrolyte at 10 mV sL1 vs. RHE.
Fig. 5 e Current vs. time plots for the electrooxidation of
1.0 mol LL1 ethanol in 0.05 mol LL1 at 0.4 V vs. RHE on
various Pt-based/C catalysts.
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1), calculated as the
mean current value obtained at the end of the chro-
noamperogram divided by the mass of Pt. The Am gPt
1 corre-
lates with the electrocatalytic performance of the electrode
[25]. Pt83Sn09Ni08/C and Pt91Sn06Ni03/C display significantTable 2 e Catalytic performance for ethanol oxidation as
a function of electrode material.
Electrocatalyst Ei(V) Ep(V) ECO(V) Mass activity
(Am gPt
1)
EAA
(m2gPt
1)
Pt100/C 0.45 0.86 0.64 0.40
Pt86Ni14/C 0.45 0.82 0.60 0.27 2.0
Pt72Sn28/C 0.30 0.61 0.43 0.21 8.0
Pt70Sn25Ni05/C 0.39 0.89 0.24 0.20 11.0
Pt83Sn09Ni08/C 0.21 0.67 0.27 3.73 13.0
Pt91Sn6Ni3/C 0.22 0.72 0.27 12.8 8.0
EAA ¼ electrochemically active area.catalytic activity. To explain the dependence of the improve-
ments in activity on the addition of different metals, two
approaches are generally employed in the literature: (1)
changes in the electronic effect or (2) bifunctional mechanism
[24]. The occurrence of simultaneous mechanisms cannot be
ruled out and this normally explains the synergistic effect
obtained when materials are modeled with multicatalyst
metals [26]. A literature search reveals that Sn and Ni can
introduce electronicmodifications into Pt [27,28]. These atoms
can partially fill the 5d band orbitals of Pt, modifying its
electronic structure, compared with pure Pt under the same
conditions. In other words, there is a decrease in the energy of
the chemisorption of ethanol and its oxidation intermediates,
such as CO. The introduced electronic changes will weaken
the Pt-intermediate bond, favoring the oxidation reaction
[3,29]. Thus, the electronic effect introduced by the presence
of transition metals such as Sn and Ni is responsible for
changing the adsorption of intermediates like CO and acetal-
dehyde during ethanol oxidation [27]. The participation of the
Sn site in a bifunctionalmechanism is also claimed, in order to
explain the enhanced activity of the PteSn/C catalyst [26]. The
effect that Ni introduction has on Sn-sites must also be
considered. The Ni atoms boost the oxophilic character of the
surface, thus raising the strength of the SneO bond and
contributing to increased acidity of the surface of the SneOH
sites. This, in turn, can accentuate the bifunctional character
of ethanol electrooxidation [8]. The beneficial effect of Ni
addition has been reported before for PtSn/C and PtRu/C
catalysts. Indeed, significant improvements in ethanol and
methanol oxidation were observed [1,11,13].
The electrochemically active area of the electrocatalysts
(EAA), summarized in Table 2, was calculated by estimating
the oxidation of a CO monolayer. The default value for
a smooth polycrystalline platinum monolayer loading is
420 mC cm2 (Qco0) [19]. Since different Pt loadings were
employed, comparison of the EAA values of the catalysts was
estimated by normalizing EAA by the employed platinum
mass. For all the compositions, the oxidation of a CO
Table 3 e Ethanol oxidation as a function of catalyst composition*.
Electrocatalyst (%)Ethanol consumption Acetaldehyde (mM) Acetic acid (mM) Mass balance (%)
Pt86Ni14/C 5.4% 34.7 2.9 70
Pt72Sn28/C 1.3% 11.6 1.0 96
Pt70Sn25Ni05/C 2.2% 16.5 1.4 82
Pt83Sn09Ni08/C 4.5% 22.9 17.6 95
Pt91Sn06Ni03/C 5.3% 30.8 11.8 85
*H2SO4 0.5 mol L
1, Ethanol 1.0 mol L1.
Fig. 6 e Proposed ethanol oxidation mechanism.
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indicating high roughness and heterogeneous atomic distri-
bution of Pt atoms [2]. The ternary catalysts furnish higher
EAA values, corroborating the low particle size distribution
obtained for these materials.
The electrolysis results are listed in Table 3, which reveals
that ethanol consumption depends on material composition.
ThecompositionsPt72Sn28/CandPt70Sn25Ni5/Cgive lower rates
of ethanol oxidation. As discussed before, these compositions
are the ones containing a more heterogeneous metal distri-
bution, so the beneficial action of the bifunctional mechanism
and electronic effect on fuel oxidation is diminished. Acetal-
dehyde and acetic acid are formed during the oxidation of
ethanol, but no traces of CO2 are detected. The electrolysis is
conducted at high ethanol concentration, which is normally
used for operationof the fuel cell (1.0mol L1). As statedbefore,
the ratioof theproducts formedduring theoxidationofethanol
dependson the concentrationof thealcohol [30]. Acetaldehyde
is the main reaction product at high ethanol concentration;
however, it is noteworthy that there is intrinsic selectivity
toward acetic acid in the case of PtSnNi/C catalysts. Although
the total energy density expected the oxidation of ethanol
8.6 kg kWh1 was not achieved, the enhancement toward 4-
electron oxidation is a promising feature comparedwith PtSn/
C catalysts,which favors acetaldehyde formation (2 electrons).
The proposed oxidation mechanism is shown in Fig. 6.4. Conclusions
The physicochemical characterizations demonstrated that all
the compositions have the Pt face-centered cubic (fcc)structure with variations in the lattice parameter, indicating
the incorporation of Sn and Ni. TEM measurements revealed
a decrease in the mean particle size of the catalysts for the
ternary compositions, because the structural change was
beneficial for the catalytic activity of the compositions. The
electrochemical characterization showed that Ni addition to
PtSn/C significantly diminished the potential of ethanol and
CO oxidation, due to the electronic effect exerted by thismetal
along with the bifunctional mechanism. Despite the
enhancement in rate of ethanol oxidation, the ternary catalyst
is not able to cleave the CeC bond and form oxidation prod-
ucts like acetaldehyde and acetic acid.
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